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I. INTRODUCTION 

The overall goal of this collaboration between the Naval Postgraduate 
School and the University of Maryland is scientific contributions to the 
development of a MW-class free electron laser (FEL) for naval applications.  
During the 8 years that we worked on this project, we published 19 papers on our 
research results, our students produced 21 Master of Science in Physics theses 
and 2 Physics Ph.D. dissertations, and we gave 26 presentations at 11 
international conferences and symposia. 

 
Over the course of this project, we simulated various existing free electron 

lasers (FELs), including the Jefferson Lab (JLab) 10kW oscillator FEL and the 
Brookhaven amplifier FEL.  We made predictions and comparisons to 
experimental results, with good agreement in each case.  We developed designs 
for high-power FELs, including 100 kW and MW-level amplifiers and oscillators.  
We found feasible sets of parameters for these designs, which formed the basis 
for the recently approved Innovative Naval Prototype (INP).  We did system 
analysis studies of ship-based FEL weapons, including power requirements and 
integration with other weapon systems such as railguns. 

 
An important aspect of our research has been the design of short-

Rayleigh length (SRL) optical cavities for high-power FEL oscillators, to reduce 
the optical intensity on the cavity mirrors.  At the outset of this project, we 
predicted that, contrary to conventional wisdom in the FEL community, the weak-
field gain and steady-state power should not fall off significantly for extremely 
short Rayleigh lengths.  These predictions were recently confirmed by 
experiments at JLab. 

 
A major concern for SRL cavities is the stability of the optical mode, and 

sensitivity to tilts and shifts of the mirrors and electron beam. Simple cold-cavity 
theory predicts that an SRL FEL could be highly sensitive to such misalignments, 
but our simulations have shown that the gain medium, the electron beam, tends 
to stabilize the optical mode, significantly reducing the system sensitivity to 
misalignments.  These results were also confirmed by experiments at JLab.  We 
have used our simulations to establish tolerances for tilts and shifts of the mirrors 
and electron beam for various high-power FEL designs.  The expected 
tolerances have been readily achieved in laboratory experiments using active 
alignment mechanisms. 

 
A laser weapon system on a Naval platform would be subject to vibrations 

from various sources.  Since these vibrations tend to occur on acoustic 
timescales (milliseconds), whereas the interaction of the electron and optical 
pulses occur on much shorter timescales (microseconds to nanoseconds), we 
can simulate the effects of vibrations using static misalignments.  In addition to 
mirror and electron beam tilts and shifts, we have also considered the effects of 
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misaligned quadrupole magnets along the electron beam path.  Again the 
tolerance limits that we established are well within the range of what can be 
achieved using active alignment. 

 
Another issue that we studied is the distortion of the optical mirrors, such 

as astigmatism, that can occur in high-power FELs.  We simulated the effects of 
these distortions, and compared the results to JLab experiments, with good 
agreement.  We also developed methods for modal analysis of the optical beam, 
using Hermite-Gaussian and Laguerre-Gaussian basis sets, which could be 
useful for optical transport calculations in designing FEL weapon systems. 

 
To accomplish all these tasks, we have made significant improvements in 

our FEL simulation models.  This includes the development of new, parallelized 
3D and 4D models that run on a cluster computer, and implementation of an 
expanding coordinate system to follow the rapid diffraction of the optical beam in 
an SRL FEL.  These new models have been tested and benchmarked by 
comparison to theoretical formulas, simpler 1D and 2D models, and experimental 
results.  We also developed a ray analysis of SRL optical modes, as an 
alternative to our wavefront propagation models. 

 
Finally, it should be emphasized that this research project has contributed 

significantly to the education of numerous U.S. Navy officers.  Their participation 
in this project has helped to teach them how FELs work, their various features 
and design issues, and the potential advantages of incorporating them into naval 
weapon systems. 

 
The remainder of this report consists of one-page summaries of each of 

the papers, presentations, theses and dissertations that were produced over the 
course of this project.  At the top of each page, there is a reference or a web link 
(where available) to obtain the complete article or presentation.  Electronic 
copies of NPS theses and dissertations can be obtained from the Defense 
Technical Information Center, http://www.dtic.mil.  Proceedings of FEL 
conferences since 2004 can be obtained at http://www.jacow.org. 
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Fig. 3. Three dimensional simulation in x, y, and τ  over 
many passes n, for normalized Rayleigh length z0 = 0.4.
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Presentation at 23rd International FEL Conference, Darmstadt, Germany, August 2001 
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Presentation at 23rd International FEL Conference, Darmstadt, Germany, August 2001 
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Presentation at 24th International FEL Conference, Chicago, IL, September 2002 
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Presentation at 24th International FEL Conference, Chicago, IL, September 2002 
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Presentation at 24th International FEL Conference, Chicago, IL, September 2002 
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Presentation at 5th Directed Energy Symposium, Monterey, CA, October 2002 
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Presentation at 5th Directed Energy Symposium, Monterey, CA, October 2002 
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Presentation at 25th International FEL Conference, Tsukuba, Japan, September 2003 
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Presentation at 25th International FEL Conference, Tsukuba, Japan, September 2003 
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Presentation at 6th Directed Energy Symposium, Albuquerque, NM, October 2003 
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Presentation at 6th Directed Energy Symposium, Albuquerque, NM, October 2003 
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Presentation at 26th International FEL Conference, Trieste, Italy, September 2004 
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Presentation at 26th International FEL Conference, Trieste, Italy, September 2004 
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Presentation at 26th International FEL Conference, Trieste, Italy, September 2004 
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Presentation at 26th International FEL Conference, Trieste, Italy, September 2004 
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Presentation at 27th International FEL Conference, Stanford, California, September 2005 
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Presentation at 27th International FEL Conference, Stanford, California, September 2005 
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Presentation at 27th International FEL Conference, Stanford, California, September 2005 
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Presentation at 8th Directed Energy Symposium, Kauai, HI, November 2005 
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Presentation at Directed Energy Symposium, Kauai, HI, November 2005 
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Presentation at Directed Energy Systems Symposium, Monterey, CA, March 2006 
 

 



 53

Presentation at Directed Energy Systems Symposium, Monterey, CA, March 2006 
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American Journal of Physics, Vol. 74, pp. 722-727 (August 2006) 
_____________________________________________________ 
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Presentation at 28th International FEL Conference, Berlin, Germany, September 2006 
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Presentation at 28th International FEL Conference, Berlin, Germany, September 2006 
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Presentation at Directed Energy Systems Symposium, Monterey, CA, March 2007 
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Presentation at Directed Energy Systems Symposium, Monterey, CA, March 2007 
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